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The effect of spin-disorder scattering on perpen-
dicular transport in a magnetic monolayer is consid-
ered within the single-site Coherent Potential Ap-
proximation (CPA). The exchange interaction be-
tween a conduction electron and localized moment
of the magnetic ion is treated with the use of the s-
f model. Electron-spin polarization is evaluated in
the tunnel current which comes from the different
densities of spin-up, spin-down conduction electrons
at the Fermi level in a ferromagnetic semiconductor
(EuS). Calculated results are compared with some
tunneling experiments.
Keywords: Electron-spin polarization; Spin-
filter effect; Spin-disorder scattering
I. INTRODUCTION
There has been renewed interest in spin-
polarized transport over the last decade. This
interest comes in part because of a wide range
of novel phenomena, e.g., the giant and colos-
sal magnetoresistance [1], spin-polarized tun-
neling experiments [2], and exchange coupling
(or spin currents) [3]. One of the most funda-
mental properties of spin-polarized transport in
a ferromagnet is the polarization in the den-
sity of states at the Fermi energy. This po-
larization enters either directly or indirectly
into most transport calculations. In particu-
lar, since tunneling experiments measure the
density of states, they should provide a di-
rect measure of this polarization. In the case
of ferromagnet-insulator-ferromagnet tunneling
experiments one measures the product of the
spin polarizations. However, in ferromagnet-
insulator-superconductor tunneling experiments
where the density of states in the superconduc-
tor is Zeeman split by a field in the plane of
the film, one can in principle measure directly
the spin polarization in the density of states. In
these experiments the spin polarization was at-
tributed to the difference in the spin densities of
states of the itinerant electrons in the ferromag-
nets at the Fermi energy. In contrast to these
experiments there have been a series of exper-
iments where electron-spin polarization (ESP)
of the tunneling current has been investigated
between nonferromagnetic electrodes.
Ferromagnetic semiconductors, in particular
the Eu chalcogenides, have been of great inter-
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est because of their magnetic, optical, and trans-
port properties [4,5]. Tunneling experiments us-
ing these materials as barriers demonstrated the
spin polarization in the tunnel current by ob-
serving the decrease of junction resistance be-
low the Curie temperature (Tc) of the barriers.
Esaki et al. [6] studied the internal field-emission
on metal-EuS-metal junctions at temperatures
above and below EuS Curie temperature which
is at 16.5 K for pure annealed thin films. They
observed an increase of field-emission current as
the temperature was lowered to below the mag-
netic ordering temperature of the barrier and in-
terpreted it as caused by the decrease of barrier
height when spin ordering takes place. Field-
emission studies [7–10] on EuS-coated tungsten
tips showed a high degree of polarization of the
field-emitted electrons below the Curie temper-
ature of EuS. In these experiments when EuS is
used as a tunnel barrier, the conduction band
splits into spin-up and spin-down subbands and
the barrier height for these two subbands is
changed. Since the tunneling process depends
sensitively on the barrier height, the splitting
of the EuS conduction band greatly increases
the probability of tunneling for spin-up electrons
and reduces that for spin-down electrons. This
is called the “spin-filter” effect [11]. In favorable
cases [12] the spin polarization in tunneling has
exceeded 99%.
Electron-Spin Polarization, was studied theo-
retically by Takahashi [13]. Using the CPA for
the s-f model he presented the dependence of
the ESP on the magnetic field, the temperature,
and the energy in the parabolic band model.
Recently Metzke and Nolting [14] presented a
new interpretation of the spin-filter effect using
many-body theory on the s-f model in the film
geometry, including an strong external electric
field.
The purpose of the present paper is to de-
velop a better theoretical framework for spin-
polarized tunneling based on the coherent po-
tential theory for the s-f model in the single
band tight-binding model. Using this formalism
we investigate density of states and tunneling
spin-polarized through a EuS monolayer and the
numerical calculated results are compared with
the results of some experiments.
II. MODEL AND FORMALISM
We consider a system consisting of a ferro-
magnetic semiconductor (EuS) thin layer sand-
wiched between two semi-infinite lead wires.
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Both the thin layer and lead wires are de-
scribed by a single-orbital tight-binding model
with nearest neighbor hopping t on a simple cu-
bic lattice with lattice constant a. We choose
the (001) axis of the simple cubic structure to
be normal to the layer and this direction is called
z-direction hereafter.
We use the s-f (or s-d) model as it is believed
to yield a good description for magnetic semi-
conductors. In this model the following Hamil-
tonian is used to describe the present system:
H = Hs +Hsf +Hf , (1)
Hs = −t
∑
rn,r′n′,σ
c†r,n,σcr′,n′,σ , (2)
Hsf = −I
∑
r,σ,σ′
(σ · Sr,0)σσ′c
†
r,0,σcr,0,σ′ , (3)
Hf = −
∑
r,r′
Jr0,r′0Sr,0 · Sr′,0 − gµBH0
∑
r
Sz
r,0 ,
(4)
where r and n denote the position in x-y plane
and the layer index in the z-direction, respec-
tively. Here Hs is the transfer energy of an s-
electron between nearest-neighbor sites, c†
r,n,σ
(cr,n,σ) is a creation (an annihilation) operator
of an s-electron with spin σ(=↑, ↓) at site (r, n);
Hsf is the s-f exchange interaction between the
s-electron and the f -spin where σ is a conduc-
tion electron spin operator, and I is the s-f ex-
change interaction energy. Each lattice point of
the film is occupied by a localized magnetic mo-
ment, represented by a spin operator Sr,0. The
first term in (4) describes the direct exchange
coupling of the Heisenberg type between these
localized moments where Jr0,r′0 is an exchange
integral; and the second term is the Zeeman en-
ergy when a magnetic field is applied in the z-
direction. g is the Lande´ factor and µ
B
is a Bohr
magneton. The Zeeman effect on s-electrons are
completely ignored. In this study Hf is treated
in the molecular field approximation to obtain
the magnetization at each temperature, ignor-
ing the f -spin correlation. Thus we can define
a normalized magnetic field in terms of the ap-
plied magnetic field by
h =
(S + 1)gµ
B
H0
3k
B
Tc
. (5)
We must note that h=0.06 corresponds to the
magnetic field of 5 kOe.
The investigation of the spin-disorder scatter-
ing on the conduction electron in the bulk eu-
ropium chalcogenides within the single-site CPA
is not new, and was first performed by Nolting
[15]. In this approximation in order to treat
electron scattering by thermally fluctuating lo-
calized spin at the layer, we consider a single
f -spin located at site r in an effective layered
medium described by an effective potential (or
coherent potential) which is site diagonal and
takes the value Σ↑ or Σ↓, according to the spin
orientation of the s-electron. As in [16], we ap-
ply the condition that the average scattering of
the s-electron by thermally fluctuating f -spin in
the medium is zero. Thus we define the t-matrix
of the s-f exchange interaction as
tr = vr(1− G¯vr)
−1, (6)
where G¯ is the effective Green’s function of the
layer in question. Here tr is the complete scat-
tering associated with the isolated potential vr
in the effective medium which is expressed as
vr =
∑
σσ′
[−I(σ · Sr)σσ′ − Σσδσσ′ ]c
†
r,0,σcr,0,σ′ .
(7)
We assume that the system is large enough
and has translational invariance along x, y di-
rections. We impose periodic boundary condi-
tions along these directions and use the |k‖, n〉
representation, where k‖ = (kx, ky) is x-y com-
ponents of the electron wave vector. In this rep-
resentation the effective Green’s function is k-
diagonal and can be given by [17]
Fσ(Z+) =
1
N‖
∑
k‖
〈k‖, 0, σ|G¯|k‖, 0, σ〉
=
1
N‖
∑
k‖
1
[G
+(0)
k‖
]−1 − Σσ
, (8)
where N‖ is the number of sites in the plane of
the layer, Z± = E ± iδ and G
+(0)
k‖
is the unper-
turbed Green’s function propagating from left
(n < 0) to right (n > 0) and is expressed as
[18,19]
G
+(0)
k‖
=
1
i(2ta)sink⊥a
, (9)
where
− 2tcosk⊥a = E + 2t(coskxa+ coskya). (10)
Here, δ is a small positive number and the sum-
mation includes both propagating and evanes-
cent states.
Using the elements of the t-matrix of the s-
f exchange interaction, the coherent potential,
Σσ, in the thin layer (at n=0) can be determined
by the following equations [16]:
〈
〈k‖, 0, ↑ |tr|k‖, 0, ↑〉
〉
T
= 0, (11)
2
〈
〈k‖, 0, ↓ |tr|k‖, 0, ↓〉
〉
T
= 0, (12)
where the bracket 〈· · ·〉T means the thermal
average. These equations can be transformed
into the equations to determine Σ↑ and Σ↓ [16].
Once Σσ is determined, Fσ is obtained using
Eq. (8). In the single-site approximation, the
tunneling density of states for spin σ electron is
calculated by
Dσ(E) = −
1
pi
Im Fσ(E + iδ), (13)
and should satisfy the following equation in all
of the present numerical calculations
∫ +∞
−∞
Dσ(E)dE = 1.0 . (14)
We must note that in this work the spin flip
of the s-electron is taken into account in the t-
matrix formula, but the spin flip of the f -spin
is neglected because the f -spin is treated as a
classical spin.
We are now at the position to calculate the ac-
tual spin polarization for a ferromagnetic semi-
conductor as a function of temperature. An en-
semble of electrons is said to have electron spin
polarization when they show a preferential spin
direction. ESP is described by the vector P in
the preferential direction, whose magnitude is
given by
P =
N↑ −N↓
N↑ +N↓
, (15)
where N↑(N↓) is the number of emitted elec-
trons with spin-up (down). This quantity is
obtained in experiments when the conduction
band of EuS is almost empty. Then it is
reasonable to assume that N↑/N↓ is equal to
D↑(EF )/D↓(EF ), where Dσ(EF ) is the density
of states at the Fermi energy. Using these defi-
nitions, the polarization of the tunneling density
of states is given by
P =
D↑(EF )−D↓(EF )
D↑(EF ) +D↓(EF )
. (16)
In this investigation EF corresponds to the en-
ergy equivalent to almost the bottom of the con-
duction band.
III. NUMERICAL RESULTS
In numerical calculations we adopted the fol-
lowing values for EuS: a =5.97 A˚, Tc=16.5 K
[9], S=7/2, I=0.1 eV, W=0.9 eV [20]. Here W
is bandwidth and is 12t. Note that following
Refs. [17] and [18], the energy is measured in
units of ta. The small imaginary part of the en-
ergy is chosen δ=0.02 to simplify the numerical
calculations.
In Fig. 1, the results of the density of states
calculated in the present study is depicted as a
function of the energy for T=0, 0.85 Tc and Tc
Fig. 1(a)-(c) with no external magnetic field
and at T=1.2 Tc Fig. 1(d) with a magnetic
field of 5 kOe. According to the first order per-
turbation theory of the EuS conduction band,
the ideal spin polarization of 100% for all tem-
peratures below Tc and 0% above is expected
where the band splits into two completely spin-
polarized subbands. Present results show that
at T ≥ Tc when magnetic field is zero, magneti-
zation is zero and there is not any spin splitting
between the two subbands. As the magnetiza-
tion increases from paramagnetic state, the den-
sity of states for up-spin band shifts upward and
for down-spin band shifts downward. The rea-
son is that by decreasing the temperature the
number of up-spin electrons participate in tun-
neling procedure increase but for down-spin it
decreases.
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FIG. 1. The density of states as a function of en-
ergy without (curve a−c) and with the applied mag-
netic field (curve-d) at the various temperatures.
Here only the results for EF ≤ 0 are shown since
the results for EF ≥ 0 are symmetric about the band
center EF=0.
These curves show that a spin gap dose not
exist for both the conduction electron directions,
i.e., even at zero temperature the spin-down
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band has a tail extending down to the spin-up
band edge as is already evidenced in CPA results
of Nolting [15] in bulk europium chalcogenides.
Consequently the relative conduction electron
spin polarization does not reach the ideal value
of 100%. The existence of the band tail suggests
the spin-flip scattering to play an important role
in the spin-polarized transport. The oscillations
at the density of states are the effects of the van
Hove singularities which appear at E=±2.0 .
In this investigation the spin flip of the f -
spin was ignored since the f -spin was treated as
a classical spin. Thus the present study cannot
recover the existence of a spin polaron peak in
the density of states as Metzke and Nolting [14]
reported.
When the temperature is far below Tc, the
spin filter effect in EuS polarizes the tunnel cur-
rent even when no magnetic field is applied. The
effect of the external magnetic field is only to
remove the domain structure. In Fig. 2(a) and
(b), we show the results for tunneling spin po-
larized for EF=-6.07 as a function of temper-
ature together with the field-ESP experiment
data for EuS at H0=0 [8,9] and H0=5 kOe [10]
respectively. The agreement between the cal-
culated results and experiment data is satisfac-
tory. The difference between experiment results
and present theory at around Tc and at para-
magnetic temperatures is due to ignoring the
exchange scattering due to the correlation of f -
spins and use of monolayer instead of multilay-
ers. The inset of Fig. 2(b) shows the tunneling
spin polarized as a function of s-electron energy
at T=0. This result, together with the exper-
iment data, strongly suggest that the ESP in
field-emission studies corresponds to the P value
for low electron energy (E ≤ -5.8 in this study).
For energy less than this value the ESP is as
high as 90% even at zero magnetic field.
On the other hand, experimental results show
that the degree of field-ESP observed is much
higher than that of photoemission (photo-ESP)
[4,5]. In photo-ESP the electrons from 4f7
states by absorbing a photon transfer to the con-
duction band. Thus, most photoemitted elec-
trons have higher energy than the energy of the
bottom of the conduction band and are related
to a large density of states. Therefore, as Fig.
1 and the inset of Fig. 2(b) show the degree
of polarization of high-energy electrons such as
-5.8≤ E ≤-5.0, in the present study, is rather
low.
Consequently the difference between the re-
sults of photo-ESP and field-ESP is due to the
difference in the energies of electrons in the
emission processes, which is consistent with the
work of Takahashi [13] in bulk europium chalco-
genides. These results are confirmed by exper-
imental results of Kisker et al. [10] in which
they showed that the low energy electrons are
highly polarized, whereas the polarization de-
gree of high energy electrons is rather low.
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FIG. 2. The tunneling spin polarized as a func-
tion of temperature without (curve-a) and with the
applied magnetic field (curve-b). The experimental
results in curve-a (square and down-triangle sym-
bols) are taken from Ref. 8 and Ref. 9 respectively
and in curve-b (square and up-triangle) are taken
from Ref. 10. The inset is a calculated result of the
ESP as a function of energy.
IV. CONCLUDING REMARKS
In this study we attempted to explain the re-
sults of the tunneling spin polarized measure-
ments based on the spin-polarized subbands pic-
ture for an EuS layer. Using the CPA for the
s-f model we considered the effects of spin dis-
order on the perpendicular transport through
a monolayer. Assuming a single band tight-
binding model numerical calculations were per-
formed for the density of states and tunneling
spin polarized. The agreement between the cal-
culated and some experiments results is satis-
factory.
Throughout this investigation the effect of in-
terface roughness that plays an important role in
the giant magnetoresistance and the scattering
due to the correlation of f -spins are not taken
into account.
4
[1] M. N. Baibich, J. M. Broto, A. Fert, Nguyen
Van Dau, F. Petroff, P. Etienne, G. Creuzet,
A. Friederich, and J. Chazelas, Phys. Rev. Lett.
61 (1988) 2472.
[2] M. Julliere, Phys. Lett. A 54 (1975) 225.
[3] P. Gru¨nberg, R. Schreiber, Y. Pang, M. B.
Brodsky, and H. Sowers, Phys. Rev. Lett. 57
(1986) 2442.
[4] P. Wachter, Handbook on the Physics and
Chemistry of Rare Earths, edited by K. A.
Gschneider, Jr. and L. Eyring, North-Holland,
Amsterdam, 1979 (Chapter 19).
[5] A. Mauger and C. Godart, Phys. Rep. 141
(1986) 51.
[6] L. Esaki, P. J. Stiles, and S. von Molnar, Phys.
Rev. Lett. 19 (1967) 852.
[7] N. Mu¨ller, W. Eckstein, W. Heiland, and W.
Zinn, Phys. Rev. Lett. 29 (1972) 1651.
[8] E. Kisker, G. Baum, A. H. Mahan, W. Raith,
and K. Schro¨der, Phys. Rev. Lett. 36 (1976)
982.
[9] G. Baum, E. Kisker, A. H. Mahan, W. Raith,
and B. Reihl, Appl. Phys. 14 (1977) 149.
[10] E. Kisker, G. Baum, A. H. Mahan, W. Raith,
and B. Reihl, Phys. Rev. B 18 (1978) 2256.
[11] J. S. Moodera, X. Hao, G. A. Gibson, and R.
Meservey, Phys. Rev. Lett. 61 (1988) 637; X.
Hao, J. S. Moodera, and R. Meservey, Phys.
Rev. B 42 (1990) 8235.
[12] J. S. Moodera, R. Meservey, and X. Hao, Phys.
Rev. Lett. 70 (1993) 853.
[13] M. Takahashi, Phys. Rev. B 56 (1997) 7389.
[14] R. Metzke and W. Nolting, Phys. Rev. B 58
(1998) 8579.
[15] W. Nolting, Phys. Status Solidi B 96 (1979) 11.
[16] M. Takahashi and K. Mitsui, Phys. Rev. B 54
(1996) 11298.
[17] A. Brataas and G. E. W. Bauer, Phys. Rev. B
49 (1994) 14684.
[18] D. S. Fisher and P. A. Lee, Phys. Rev. B 23
(1981) 6851.
[19] H. Itoh, J. Inoue, Y. Asano, and S. Maekawa,
J. Magn. Magn. Mater. 156 (1996) 343.
[20] W. Nolting, U. Dubil, and M. Matlak, J. Phys.
C 18 (1985) 3687.
5
